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Response times in Pi-cell liquid crystal displays
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The response times of Pi-cell liquid crystal displays with an arbitrary pretilt angle were calculated under different
drive methods. Using the normal drive method, the results show that the rise and off times of the cell driven by
high voltage are faster than those driven by low voltage. However, the off time is very fast for the cell with non-
zero critical voltage driven by low voltage when we use the under-shoot method.
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1. Introduction

Many applications of liquid crystal displays (LCDs)

require fast response speeds. For example, colour

sequential LCDs require the LC response speed to be

fast. A ferroelectric LC has very fast response speed

but it lacks grey and requires difficult processing (1).

The Pi-cell (2) [also known as the optically compen-

sational bend (OCB) (3) cell] exhibits a fast response

characteristic. The Pi-cell operates between the bend

deformation at a critical voltage (Uc) and the near

homeotropic state at high voltage. Many researchers

(4–10) have only studied the response times of the cell

with various pretilt angles when it is switched

between Uc and the on-state voltage. However, the

response time is sensitive to different drive voltages

and pretilt angles, but this has not been analysed in

detail previously.

In this letter, we calculate the response time of the

Pi-cell with arbitrary pretilt angle driven by different

voltages, and using normal and under-shoot method in

the off process. Our results show that the response

times strongly depend on the voltage and the pretilt

angle. The response times (both rise and off times) of

the cell driven by large voltage are faster than that of

the cell driven by low voltage using the normal drive

method. However, for the off time, the response is

much faster for the cell driven by low voltage than that

of the cell driven by high voltage using the under-shoot

method. In the following numerical calculation, the LC

E7 material parameters are chosen as ne51.65, no51.5,

De513.745 (519.2425.495), K11510.6 pN, K335

15.5 pN, c50.15 Pa s, g150.1732 Pa s, g250.0232 Pa s

and g1250.0 Pa s (7, 8). The same cell gap (3 mm) is

used in our simulation to compare with the various

pretilt angle and voltage effects on the response times.

2. Theory and simulation

For a brief discussion, the relationship between the

electric field in the LC layer and the drive voltage can

be written as E<U/d. Taking into account the flow

effect, the dynamic equation for the cell switching in

the bend state can be described by (7–10)

c� dh
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where the relation between the effective rotational

viscosity (c*), the rotational viscosity (c) and

Miesowicz viscosity constants (gi) is determined by
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where F(h) is less 1.0, which means that c* is always

less than c (7). We analyse the response time by using

Equation (1) and the small-angle approximation. The

LC tilt angle change with time and z, and LC profile

for the decay and rise processes can be written as

follows (11):

hoff z,tð Þ~h0 zð Þzhcsin
2pz

d
zhmsin

2pz

d
exp {t

�
toff

� �
, ð3aÞ

hon z,tð Þ~h0 zð Þzhcsin
2pz

d
zhmsin

2pz

d
1� exp {t=triseð Þ½ �, ð3bÞ

where hc is the maximum change of LC from

h0(z)5hp+(p22hp)z/d as the cell is driven by Uc, hp is

the pretilt angle, hm is the maximum deformation of LC
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under the driven field from the profile of LC under the

critical field (12). The LC profile under Uc can be

calculated using Equation (1), as shown in Figure 1a,

and hc is shown in Figure 1b for the various pretilt

angles.

In the processes of obtaining the rise and off time,

we use one elastic parameter approximation

(K115K335K) and let t5t (9, 11, 13). Substituting

Equation (3a) into Equation (1), the off time for the

cell switched from on-state to Uc is obtained as

toff ~
cd2

4p2K

ðd=2

0

hm

exp 1ð ÞF hð Þsin
2pz

d
dz

,ðd=2

0

hczhmexp {1ð Þð Þsin 2pz
d

{ Ec=E0ð Þ2sinhcosh

" #

dz,

ð4Þ

where h~h0 zð Þz hczhmexp {1ð Þð Þsin 2pz
d

and

E0~
2p
d

ffiffiffiffiffiffi
K
eDe

q
, which is twice that of the threshold

electric field of a Freedericksz cell, and Ec is the

critical electric field, which is equal to the ratio of the

critical voltage and the cell gap (Ec<Uc/d). Under a

drive voltage, the rise time can be calculated by

substituting Equation (3b) into Equation (1):

trise~
cd2

4p2K

ðd=2

0

hm

exp 1ð ÞF hð Þsin
2pz

d
dz

,ðd=2

0

E=E0ð Þ2sinhcosh{

hczhm 1� exp {1ð Þð Þ½ �
sin 2pz

d

0
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CAdz,
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where h~h0 zð Þz hczhm 1{exp {1ð Þð Þ½ �sin 2pz
d

, and E

is the on-state electric field.

To achieve a faster rise time, the cell is driven by a

high voltage. As the LC profile arrives at the

appropriate state of a grey-level, the voltage for this

grey-level is added to hold the state; this method is also

called the over-drive method. The rise time can be

further reduced using this drive method. To improve

the decay time, the off-state voltage should be reduced

to zero, and Uc is added to hold the material in the

bend configuration as the LC material relaxes to its

proper state during the decay process. This method is

called the under-shoot method. Because the LC

changes from the on-state to the state under Uc, not

from the on-state to the state under U50, the change of

tilt angle is hmsin(2pz/d), the decay time td(u) is also

defined as the interval time of the tilt angle change from

h0(z)+(hc+hm)sin(2pz/d) to h0(z)+(hc+hmexp(21.0))6
sin(2pz/d). Equation (3b) can not be used for the

under-shoot method because of the free relaxation in

the decay process. Considering the decay process of the

cell driven by the under-shoot method, the LC

configuration firstly undergoes free relaxation of the

following form because of the drive voltage is zero:

hdecay z,tð Þ~h0 zð Þz hczhmð Þsin
2pz

d
exp {t

�
tdecay

� �
, ð6Þ

where tdecay is the decay time for the cell to change from

the state under Uon to the off-state under U50. This is

easily obtained as tdecay5c*d2/(4p2K) by substituting

Equation (6) and U50 into Equation (1). When the LC

configuration reaches the state under Uc, the critical

voltage, Uc, is applied to stop the motion of the LCs.

Considering the definition of the decay time and free

relaxation process of the LCs, we obtained

td uð Þ~{tdecayln 1{
hm 1{exp {1:0ð Þ½ �

hczhm

� �
: ð7Þ

When hm is much smaller than hc, Equation (7) can be

reduced to

td uð Þ~ t0

4

hm 1{exp {1:0ð Þ½ �
hczhm

F hð Þ, ð8Þ

Figure 1. The LC profile (a) and hc (b) under the critical voltage for different pretilt angles.

(4)

(5)
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where t05cd2/(p2K) is the decay time of a Freedericksz

cell and F(h) varies with z. As an approximation, we

can use a mean value, F hð Þ~ 2
d

Ð d=2

0
F hð Þdz, instead of

F(h)and then we can analyse the decay time using this

equation. In the above equation, the factor 4 in the

right term means the half-cell effect, and it is also

suitable for Equations (4) and (5). For the cell with

non-zero critical voltage, hc decreases as the pretilt

increases (12), so the decay time of the cell with low

pretilt is less than that of the cell with high pretilt from

Equation (8). For the cell with zero critical voltage, hc is

zero or too small compared with hm, and Equation (7)

can be rewritten as

td~
t0

4
F hð Þ: ð9Þ

The decay time is linearly proportional to F hð Þ and

decreases with increasing pretilt angle. For a given

pretilt, it also decreases with the increasing on-voltage

because of the distribution of tilt angle.

The response time is evaluated as a function of the

maximum deformation (hm) of LC, as shown in

Equation (3). Uc for a cell with an arbitrary pretilt

can be calculated using the results of previous work

(12, 14). Using the LC parameters, the critical pretilt

angle is 47.7u and the bend state is the stable state

since the pretilt is larger than the critical pretilt. That

is, the cell has zero critical voltage if the pretilt is

larger than 47.7u. Used Equation (1), hc (for various

pretilt angles) and hm are obtained, and the response

times are obtained simultaneously. Substituting hc, hm

and Von into Equation (5), the rise time can be

calculated; substituting hc, hm and Uc into

Equation (4), the off time can be calculated. hc for

various pretilt angles and hm for different drive

voltages can also be obtained from the equilibrium

equation.

We set the on-state voltage (Von) from Uc to

Uc+5 V with 0.5 V intervals and the voltage changes

from Uc to Von (on case) and from Von to Uc (off

case). In order to use Equations (4) and (5), a mean

geometric elastic constant (K~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K11K33

p
) (9) is used

as the elastic parameter. The rise times, calculated

using Equation (5) and numerically simulated by

Equarion (1), are shown in Figures 2(a) and 2(b),

respectively, for the Pi-cell with different pretilt

angles. As can be seen in Figure 2, the results

obtained using Equations (5) and (1) are very similar

to each other. The rise time decreases as the drive

voltage increases, but has no more change for low

drive voltage and decreases rapidly as the pretilt angle

increases, which is also confirmed partially by

previous experiment data (5, 10). To achieve a faster

rise time, the cell is driven by a high voltage. As the

LC profile arrives at the appropriate state of a grey-

level, the voltage for this grey-level is added to hold

the state; this method is also known as the over-drive

method.

The off times, calculated using Equations (4) and

(1) for the cell switched from Von to Uc, are shown in

Figure 3 for the cell driven by the normal method.

The off time increases initially and decreases as the

pretilt increases, and then decreases with increasing

voltage. The off time cannot remain a constant. The

fluid directions are the same on both sides of the bend

cell, and the fluid velocity increases on approaching

the centre of the cell, so the torque induced by this

flow accelerates the relaxation of LC molecules, and

becomes stronger as the pretilt angle and drive

voltage increase (10). For this reason, the off time

becomes very fast for high pretilt angles and high

drive voltages.

The off times of the cell switched from Von to Uc

by using the under-shoot method are shown in

Figure 4. Figure 4(a) shows the off times calculated

using Equation (7), and Figure 4(b) those simulated

using Equation (1). As can be seen in Figure 4, the

fastest response appears at the low pretilt angle,

which has been confirmed by the experimental data

when the cell is driven by the under-shoot method (4),

and the off time of the cell that has non-zero critical

voltage is faster than that of the cell driven by the

normal method. For a cell with low pretilt, hc is much

larger than that of the cell with high pretilt, so the off

time of the cell with low pretilt is faster than that of

the cell with high pretilt from Equation (7). For the

cell with high pretilt, hc is small and the off time is

only dependent on F hð Þ in Equation (9); it decreases

with increasing voltage because F hð Þ decreases as the

voltage increases. With increasing voltage, the LC

molecules turn so that they are perpendicular to the

substrate, so hm increases and F hð Þ decreases; as a

result, the off time tends to a constant using

Equation (7), as can be seen in Figure 4. In a

Freedericksz cell with the same parameters, the decay

time is t05cd2/p2K,10 ms. In Figures 3 and 4, the

decay time is much faster than that of a Freedericksz

cell, which can also seen from Equations (4) and (7).

Comparison of Figures 3 and 4 indicates that the

results calculated by the analytical equation and

dynamic equation agree with each other for high

pretilt angles, but do not at low pretilt angles. For a

cell with high pretilt, the critical voltage is small or

equal to zero, so the LC deformation driven by the

critical voltage is very little and our small-angle

approximation is correct in analytical processes (11).

For a cell with low pretilt, the LC deformation

induced by the high critical voltage is large; as a

result, the maximum changes of tilt angle do not
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appear at the quarter and three-quarter layers in the

bend cell, so our small-angle approximation is

inapplicable in this case, but as an approximation,

the results using the small-angle approximation are

close to the results of simulation.

3. Summary

In conclusion, the response times have been calcu-
lated in detail for a Pi-cell LCD. For the cell driven

by the normal method, the response times (both rise

and off times) increase as the voltage increases. For

the cell driven by under-shoot method in the decay

process, the off time is improved and increases as the

voltage increases for the cell with non-zero critical

voltage. These results have potential application in

the future design of Pi-cell LCDs with faster response

speeds.
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